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SINGLE AND DOUBLE ELECTRON CAPl'URE 

:BY 7.7- TO l66-keV 3He ++ IONS IN N2 

John Warren Stearns 

Lawrence Radiation Laboratory 
University of California 

]erkeley, California 

September 11, 1967 

ABSTRACT 

iii 

The cross sections, 021 and °20, for single and double electron 

capture of 3He++ ions with energies between 7.7 and l66keV have been 

measured in thin targets of N2• 3 ++ The He ions were extracted from 

an rf source and accelerated electrostatically. After momentumanaly-

sis'. by a 90-deg magnet, they plssed through the target chamber and' 

were reanalyzed electrostatically. The charged components, 3He++ and 

3He+, were detected by a plir of Faraday cups, and the neutral com­

ponent 3HeO 
by a CsI(Tl) crystal mounted on a photomultiplier tube. 

Currents from these detectors were simultaneously integrated, and 

measurements were made for at least eight pressures at each energy. 

Pressures were measured with a caplcltance manometer. Both 021 and 

020 have maxima at about 50 keY, which are 021 = ( ) -16 13.0 ± 1.3 x 10 

, 16 2 
and 020 = (3.3 ± 0.7) x 10- cm /molecule. Our results agree with 

4 ++ those of Allison for He in the region where the velocities overlap 

(3He++ energies between 112.5 and 166 keV). The results are compared 

with available theoretical models. 
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I. INTRODUCTION 

The process of electron capture or of electron loss via coll:'-

sions "lith atoms) ions, or nolecules has been a subject of inte::-est 

for a long time. 1 Rutherford performed some of the earliest experi-

2 ments and Fowler presented one of the first theories on the capture 

of electrons from neutral gas by ions. 

. 3 4 
Subsequently, Thomas, Oppenheimer, Brinkman and Kramers,5 

Jackson and SChiff;6 and many others have studied the problem theoreti-

cally. A su~ary of theoretical and experimental aspects of electron 

capture may be found in a book edited by Bates. 7 Most previous work 

has been done for capture by protons; however, attempts to understand 

more complicated systems are now in progress. The present work is 

concerned with single and double capture by He++ in N2 for the tens 

of keV range. 

Aside from interest to atomic physicists this subject is important 

to many disciplines. For example) proposed thermonuclear reactors will 

contain very hot plasmas to produce fus.ion reactions. One important 

problem in such a reactor is the loss of energetic ions via charge 

exchange with slow neutrals. The fast neutral atom thus produced can 

. leave the magnetic field that normally confines the plasma. .It then 

becomes a slow neutral upon striking the wall of the vacuum chamber) 

or sputters material from the wall that can enter the plasma to per-

petuate the process. 

The dynamics of the sun cannot be fully understood without 

knowledge of rates of ionization and recombination. The sun regularly 

spews protons and a particles into space. Those that reach the 
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vicinity of the earth are often found to be neutral hydrogen and helium 

atoms or He+. One question is how and where were these ions neutra1-

ized and what can be inferred about the sun and the space between. 

These ions, and neutrals which become reionized, produce various 

atmospheric phenomena such ass:urora. Detailed knowledge of capture 

and loss probabilities is necessary to understand these. 

A heavy-ion accelerator has a section called a "stripper," where 

preacce1erated ions are stripped of some of their remaining electrons 
. - 8 

thrOughcollisions with atoms in a vapor or a foil. The efficiency of 

this stripper is directly related to the various probabilities of cap-

ture and loss of electrons. A tandem Van de Graaff or It swind1etron" 

takes advantage of charge exchange and ionization Qy accelerating 

negative ions from a grounded terminal to a positive high-voltage 

terminal, where they are doubly {or more highly) stripped to form 

positive ions which are then further accelerated toward another 

grounded terminal. The energy of the ions is greater than it would 

be if they were originally produced at the high-voltage terminal. 

Finally, all accelerators have the problem of loss of beam by 

charge exchange of the beam ions with the background gas during 

acceleration. This is especially important at certain low energies 

which the ions must pass through during their acceleration. 

The general processor capture of electrons can be expressed 

uniquely for each combination of ion, gas, and energy in terms of a 

"cross section." A cross section, as the name implies, has units of 

of area per target atom or molecule. 

• 



' .. 

3 

Let cr ~ the cross section for a reaction, 

p == the probability for that reaction in a vanishingly small 

length dl, 

and n == number per unit vol = number density of the target gas; 

then we have the relation 

p = ncrdl, 

which defines cr in terms of the measurable p. For the process of 

charge exchange, we use the symbol crif, which denotes the cross sec­

tion for changing the beam ion (or atom, molecule, etc.) from the 

charge state i to the charge state f in a single encounter with one 

, of the target atoms or molecules. 

In an investigation of charge exchange involving a He beam, 

generally three charge states are involved: o + ++-He , He , and He • He 

can also exist, (in metastable states), but its probability of produc-

tion by electron capture is so small that its presence can be neglected 

in experiments in which the other components are of primary interest. 9,IO 

Normally, six cross sections are involved: cr20 , cr02 ' cr21 , crl2 , crlO ' 

and crOI ' One can readily see that the many competing processes could 

blot out the measurement of any one of ~hem, depending upon the rela-

tive values of these cross sections and on other factors such as purity 

of charge species in the beam or target "thickness." (Thickness is 

defined as the product of the density and the length of the target.) 

(Thickness ~ Tr = nl.) Fortunately (see Sec. III C) ,this interference 

due to multiple cro,ss sections becomes nil in the limit as Tr -+ 0 for 

an incident beam of one species. 
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Several exper~entalists have explored single and double capture 

by He ++ ions in nitrogen or air, 1. e., at energies above 150 keY 

(e.g., Refs. 1, 11, 12). Previous to the work presented here it was 

not known how to extrapolate the values fer the cress sectiens belew 

'this energy. The experimental work presented here shews a peak': in 

each cress sectien measured (0'21 and 0'20) at abeut 50 keY 3He energy). 

The single capture cre~ssectien, 0'21' trails eff fairly steeply at 

greater and lesser energies, while the deuble capture cress sectien, 

0"20' is nearly level at lew energies, rising enly slewly to. its peak, 

and then trailing eff nearly parallel to. the ether cress sectien at 

higher energie s • 

\... ' 
:", 

. . J. 

",', ,,,-

; , 

, ,., 

.. 
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II. THEORY 

A theory predicting charge-exchange cross sections accurately 

for all energies and all gases and ions has long eluded physicists. 

Even the simple case of neutralizing a proton by charge exchange in 

atomic hydrogen has proven quite difficult theoretically. At low 

velocities, the complications that arise from having to consider the 

temporary molecular states of the target atom and colliding ion system 

make the problem formidable. However, even approximations for veloci-

ties higher than the orbital electron velocity differ from one another 

by factors of two. A further complication arises when one tries to 

compare theory with experiment, since an atomic hydrogen target is 

difficult to prepare, whereas a molecular target is difficult to treat 

theoretically. As a'result people have been forced to use various 

approximations. A qualitative low-energy model is afforded us by 

, 13 
Massey's adiabatic hypotheSis, which treats slow encounters, and 

also predicts large cross sections at nearly zero energy for "resonance" 

reactions, those in which the total internal energy of the system 

remains unchanged. 

At high energies the Eorn approximation, based on quantum 

mechanics, and !!impulse" approximations (classical or quantum mechan-

ical) have been used. These approximations require a sudden transition 

between the initial and final states, allowing for no transitory states 

between. 

So far, only semi-empirical methods have been found to treat the 

intermediate energies. 
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A simple way-of,looking at 'capture qualitatively has "been afforded 

us through a "bit of logic called "Masseyl s Adia"batic Hypothesis." For 

a nonresonant reaction it is Massey's argument that at rather low 

energies The approach of an oncoming particle can "be "felt" "by the 

target particle in such away that the electronic configuration can 

adjust itself more or less adia"batically to the changing forces so 

that capture "becomes improbable. This is because the energy differ-

ence "between an electron belonging to one atom or the other cannot be 

transferred to any of the particles involved in an adiabatic transition. 

At higher energies} the encounter becomes less adiabatic and the 

cross section rises. At very high energies} another process comes 

into'play. An encounter may "be over with so quickly that an electron 

does not have enough time to react to the changing potentials and to 

,"be captured. Rence one would expect that for rather high energies the 

capture cross section would falloff} which} indeed} at high energies 

it does. 

Now with these two processes acting to reduce the cross section 

at low and at high energies) one would expect to find an energy for 

which the cross, section is a maximum. This peak should correspond in 

some way to the energy which needs to "be absorbed (or supplied) in the 

.,reaction} being at greater relative velocities for greater energy 

-:" difference s. 
i . .' ~ 

Massey has deduced a simpl~ expression to predict this peak based 

on the energy: difference between the initial and final states of the 

system at the moment of reaction. For an energy difference} ~, 

+ + 'called by Massey the flenergy defect" in the reaction A + B -A + B } 

e' 
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Massey predicts that for some collision parameter} i J the peak in the 

cross section should occur at the velocity 

where h is Planck!s constant. In units of eV this becomes 

. for m in amu and i in Bohr radii. It will be noted that this simple 

expression is really quite difficult to apply} because i can only be 

guessed at. The manner in which it varies with the charge and con-

figuration of the two particles is unknown. Moreover, 6E, which is 

usually assumed to be the difference in binding energies of the 

separated systems, could change during the approach. From experience 

with the measurements of several types of cross sections, one might 

get a feeling for the range over which a peak might occur, but beyond 

that the expression is not of much helP.14 

A4 Classical Capture 

·1. Thomas 

More detailed pictures of single capture have evolved principally 

for capture at the higher energies} where adiabatic transitions do not 

occur. Thomas in 1927 proposed a mode13 that involved a double colli-

sion in which the incoming particle first struck an electron, driving 

it toward the target nUCleus, where it rebounded in such a way as to 

find itself bound to the in.o.d:de!ltparlicle. 

2. Gryzinski and Others 

Since 1959 Gryzinski15 and others have presented modifications on 
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the work of Thomas by adjusting the limits of integration or by assum-

ingdifferent'electronic configurations. "The results of the modified 

theories have more closely approached the measured values. Bates and 

MaPleton16,17 have continued with this type of approach and have 

"achieved remarkable success for energies somewhat higher than ours . 

18 .. 
Mapleton has calculated cross sections for us to be compared with 

our measurements' of a21~ His results are shown in Fig. 3, along 

wi th others. 
','t. I,."." 

. ' .. , ~. , . '" . " 

. ':.: B. Quantum Mechanical Capture 
,,' 4 

In 1928 Oppenheimer calculated the capture cross section between 

++ " Hydrogen and He " ions, employing the "overlap" integral 

Calculations involving the use of this type of integral usually are 

""'-:"" 
approximated by using spherical waves for the bound electron and plane 

.: ~I 

k._. ':.~.,"'" ~ /.. , .... 

'., ,:. "waves for the oncoming ion and outgoing"particle. With an interaction' 
.' . \ ~. ,-' 

~ .':. ,potential and the proper normalization) the expression can be made 

into an infinite series called,the Born approximation) which can be 

used to evaluate a capture cross section. Most calculations employ 

only the first terriJ.of this approximation. There is some question 

'" 
,whether" for capture, this series converges." ' 

In 1930, Brinkman and Kramers did a more precise calculation 
. ~ .. 

approximation. 5 They derived the expression based on the first Born 

-.". 
' . 

. ",f 
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2 . 
where X = vh/2rre , aO is the radius of the first Bohr orbit, Z and zt 

are the effective charges of the target and the projectile respectively, 

v is the relative velocity, and h is Planck's constant. This expres-

sion represents the cross section for capture from an s state into 

another s state, and does not take into consideration any interaction 

between nuclei. 

Much debate has ensued among the theoreticians as to whether the 

interaction between the nuclei has any appreciable effect on the cross 

( 19 6 20 ,sections see, e. g., Bohr, Jackson and Schiff, and Pradhan ) • So 

Jackson and Schiff published a paper calculating this effect. Their 

calculation showed that for capture from a hydrogen-like atom the 

cross section should be lower than previous calculations by a slowly 

varying factor, 

C1J - S == (0.37- 0.66)C1B_K ' 

where the smaller value is appropriate at low energies (around 1 MeV 

or less) and the larger one applies only at very high energies. Bates 

21 ' 
and Dalgarno exploited this weak energy dependence and, using methods 

22 first developed ,by Saha and Basu, produced Brinkman and Kramers type 

of calculations for the capture cross section from the Is, 2s, and 2p 

states into any state of the projectile. Although Jackson and Schiff 

give better results, it is generally agreed that the inclusion of the 

internuclear interaction is incorrect. 



( 

" . ~ 

:." . 

. .. ,.: I 

t' _'. 

.. ~ . 

:':\, 

10 

C~Double capture 

L Classicai 
.. , .... , 

Most. of the theoretical methods :mentioned so far deal only ;vi th 

·the capture of a single. electron from the target particle. The cap-· 

ture of two electrons in a single encounter is difficult to treat and, 

except for the general considerations that should be valid for all 

capture as expressed in the adiabatic hypothesis, no It classical"-type . 

calculations have been made • 

2. Q.uantum-Mechanical 

Several calculations involving quantum mechanical treatment of 
, .. ; .... .' "-;,' ", -.' . . 23 

Fulton and Mittleman have calculated double capture have been made • . '. 

<. , •• r 

" " .~. " 

.,.< -.' the reaction He++ + He°.-+ HeO + He++~ Their calculations involve sub-

,~,' ,stitutingthe product of two one-particle exchange amplitudes for the 

I .. ~ ' . .' • j two:-particle exchange amplitude in a Born approximation. 

Low-energy calculations have also been made for this same reac~ 
~. . ~ ; . 

~ .. " - ,~-

t·' i·'On.·24,25 Th i 1 t 1 ul ti th t uld 1 ere s on y one nonresonan ca c a on a wo app y 
• _~ . J. 

.' . :~ ++ ... ' ' to He in N2 • Evaluations of a theory by R. K. .Tanev were made for 
. . ':;' ~.... .' , 

. '26 . 

~ ';. . ... ", 

; .... '. 

( .. 

. -: , .. this case, but they showed little relationship to the measured values, 

perhaps due to 1?he large difference in binding energies of the first 

and second electrons ,in He. 

~ .. 

. .. ,' 

.J 
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III. EXPERIMENT 

A. General 

The experiment was performed by use of a modification of the 

"growth't method) in which the cross section is determined by observ­

ing the growth of the relative intensities of the product beams as gas 

is introduced into the path of the primary beam. This growth is 

approximately linear at low relative intensities, and is proportional 

to the pressure and the appropriate cross section. In order to extend 

these results significantly beyond the background contribution, a 

modified Itgrowth" method was used. 

B. Apparatus and Method 

The experimental arrangement is shown in Fig. 1. He ++ ions were 

produced in an rf ion source) which was placed at the top of an elec­

trostatic acce1eration column. The beam could be focused by an elec­

trostatic "Einzel" lens" and the total accelerating voltage could be 

varied from about 3 kV to a maximum of about 110 kV. 

The beam was analyzed by a 90-deg bending magnet and could be 

steered by a set of electrostatic deflectors. After being bent) the 

beam was refocuged by a solenoid. 

The beam then passed through a It gas cell" where the target was 

contained. The gas cell consisted of an inner chamber with small con­

strictions (63-mil input and 125-mil output diameters) for the beam, 

and a "differential" section which was being continuously pumped out. 

The nitrogen gas, used for the target, was admitted through a needle 

valve to maintain target pressures from 0.05 to 5:')J.. The pressure 

. was measured by a VGlA ion gauge and by a "Baratron't electromechanical 
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Magnetic 
analyzer 

Focus D.P. 8. trap 
solenoid ass'y 

(100 I/secl 

Gas cell 8. 
D.P. ass'y 
(800 I/secl 

All dimensions 
in inches 

Electrostatic analyzer. 
Faraday cups. p~otomultiplier. 
S. D.P. asserrbly (400 I/sec) 

(Top view) 

XB L676 -3267 

12 

Fig. 1. Experimental arrangement. The upper diagram shows the 
positions and dimensions of the various collimators and con­
strictions along the beam path. The lower diagram shows the 
locations of' the dif'f'usionpumps and elem~nts of the apparatus. 

,. 
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manometer. The two measurements agreed to within 5% in the overlap­

ping range from 0.1 to 1.0 Il. The Baratron was also .checked for 

calibration and linearity by an oil manometer at higher pressures. 

The pressure in the differential region was measured by a VGlA ion 

gauge and typically was less than one thousandth of the target 

pressure. 

After passing through the target chamber) the beam was analyzed 

for reaction products by an electrostatic deflector. The two charged 

portions (He++ and He+) were deflected into two Faraday cups and the 

neutral part impinged upon a CsI(Tl) crystal mounted on a photomulti­

plier tube. The secondary electron emission from the Faraday cups 

was suppressed by a small transverse magnetic field. 

An electron current proportional to the neutral beam was produced 

by the photomultiplier. This current and the two produced at the 

Faraday cups were detected and amplified by three Keithly 410 elec­

trometers. Signals from the electrometers were then used to drive 

three electronic integrating circuits. 

The deflector could be turned off,causing the directly measur­

able charged portion of the beam to strike the neutral detector. The 

added current coming from the photomultiplier was then used to cali­

brate the detector. 

The scintillator had a tendency to change sensitivity with time 

due to radiation damage, so it was necessary to calibrate it after 

each data measurement. These calibrations of the neutral detector 

showed large variations (±15%) as well as a time dependency, perhaps 

due to fluctuations in the beam. Thus the percent of uncertainty 
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associated with a single measurement of the neutral component of the 

beam wa,s J?uch greater than that for either of the other components or 

for the tota.l beam (generally consistent to about 95% or better). 

Due to contamination from having previously used the source with 

·H2 and D2J it was decided to do the experiment with 3Re++ to avoid 

, " .' '4 ++ + + 
confuslon between He and H2 or D. The electrometers could measure 

'. : 'currents smaller than 10-13 A and with a 90% 4He_1o% 3He mixture in the 

-12 source the beam current was usually greater than 10 A. 
I ' 

Fora cross-section measurement at any one energy at least 10 

points were taken at pressures from background « 10-5 torr) to ':5 ~. 

The time for measuring each point was typically 20 to 30 sec. 

The energy was considered to be twice that of the accelerating 

potential measured from the ion-source repeller. The voltage divider 
. ~, .. /~. 

;;. • .> 

-:- ~~....-". 

..... ' " 

.. 
',' 

'.', 

,' .. . . 

. used for this purpose was calibrated to within 5% of the true voltage. 

'. -.' For each energy" the beam was first tuned to its maximum yield in 

.The two charge integrators were checked for the correct rela-

tive integrating rates" the electometers zeroed" and then several 

o integrations made of the beam to find the background yield of He and' 

. + He. Immediately after each data run (in which all three beams were 

" integrated)" a calibr~tion run was made to measure the relative sensi-
' .. 

. . ,tivity of the neutral detector. This was done for every pressure by 

).'~::i,.:;".turning off the electrostatic deflector in the final analysis section 
j.i" '~', ,. , 

1," . 
. . , '. and allowing the charged beams to strike the neutral detector. A 

, . . , . 

, . 
timer was used which was gated on and off with the integrators to pro-

vide a basis for determining the amount of charged beam used for the 

calibration. This portion of each run also provided information on 

'.', .-



\~' 

15 

~he electronic drift of the integrators (always negligible, but 

accounted for in the analysis anyway). occasionally,'·usually before 

and after changing to each new energy, the beam was removed from all 

detectors to determine the effect of dark current in the photomultiplier. 

Before any gas was let into the gas cell, the Baratron manometer 

was zeroed. Then the gas was admitted and the pressure allowed to 

come to e~uilibrium. One or two measurements were made at each pres-

sure, .and after the highest pressure measurement was completed, a 

measurement or two was again ,made at lower pressures and at background 

pressure as a check. 

The data were reduced by first calculating the percentage of each 

species with respect to the total beam. These points were then plotted 

against the pressure in the cell to give a preliminary determination of 

the cross sections (Fig. 2). These partially reduced data were then 

analyzed according to the method described in the next section. 

C. Data Reduction 

" .1. E~uations and Approximations Used for Data Reduction 

Let = the cross section Per target particle (in cm2
) for the 

,reaction that changes a beam particle from charge state 

i to charge state f, 

7r = target "thickness" = nl = number density x length of 

target, 

= measured fraction of beam of charge state i. 

Assume I Beam entering target is entirely of charge state 2 (and 

. " : fraction:; 1) • 

Then we have the e~uations 
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The complete solution was,worked out by Allison. 9 The solution is 

.. -

where 

. and F100 ~ (bcr20 - gcr21)/(ag - bf), 

. [cr20(a - b) + g(a + cr21) - feb + cr21)] 
F200 = , 

. (ag- bf) 

,.:;; 
·1 [ 2' ]1/2 
q == '2 (g - a) + 4bf .<> 

crif = (a + g), 

and for 

, 
Nzi = N2t = P21 - F2oo' 

. ' 
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NZ1 - N20 = N2l (8 Cl)/b) 

.• 1 . . 
; S == 2' (g' -' al, 

18 

'" 

, ~ . 

This has been reduced to the linear and sCluared terms. of the Taylor 
" "', '27 
~'~x:p9.nsionby Fogel and Mitin); 

ny 'symmetry} 
.' . 

. , r: : ~. .,. . 

" . '.~ 

." .... :. 
't'1 

. " ' .. ~ 
, The known c1

02 
and 0"12 are small so that they may be neglected: 7 

", r... 

" 

.... . . ':'. 

,. , 
(3a) 

(3b) 

:t·, '. (fer all energies <300kev). For 1T small enough} Fo/F2 ~ 1F0"20 and 
,".... • ~; ,~ " ; '> , 

.'<:. ;:' <:,:. . Fl /F2 ~1T0"2l •. If we substitute these into the sCluared terms for 

';' I 

. i 

" .,r . 
'::: .... . . ~' 

. r~" 

.. ~ .. 

. ' 

',. ' .. ' 
Rearranging} 

: f . \ ~ ' ... 

.: .. . " 

~ ..... , .,' 

... ' 

. . 

- (F 1/2)1T0"10 + (F O/2)1TO"O'1 

1 
F2 + 2' (Fl + FO) 

,. "/ .' . but from ECl. (lc) we get 
, . 

" ,,' ... ~. ~ 

'.1' ." 

. ; : .. j t 

, : . 

; 

. , 
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hence 

(4a) 

Similarly 

(4b) 

Since 0'10 and 0'01 are known throughout the range of the experi­
, 28 
ment (see Table I), we now have expressions in terms of known or 

~easurable quantities which should be linear in ~ within the range 

of our approximation. The error associated with this approximation 

should be at most 4.2% for a beam attenuation of 39% or less. See 

the Appendix for an analysis of this error. 

2. Experimental Considerations in Data Reduction 

In the experiment, before Eqs. (4a and b) could be applied, cer-

tain considerations had to be made. 

When the gas cell was entirely pumped out « 10-5:~orr):,:; .. ~~:.small 
+ . 0 

background of He and He remained in the beam (FO + Fl ~ 2% to 4%). 

If these were ignored, the plots of Fl and FO ' corrected according 
, 

to the second-order effects in 0'01 and 0'10' could have an incorrect 

slope, depending upon whether the backgrounds were produced ahead of 

the gas cellar not. 

Actually, ignoring the background has the effect of assuming that 

one-half of the background originates before the target. Since the 

. distinction is small,. this seems to be a satisfactory compromised. 

Hence to reduce the data is was necessary only to calculate the 



, ". 

" , 

", . 20 

, ..;. .' . , ~., . 

" fractions) plot1T0'21.and 0'20 according to Eqs. (4a and b)" and then 
~ . .' . . 
find the slope of the best straight line through the' points on the 

"_ plot. This line was found with a least-sq-u.a;resfit routine (see Fig. 3). 

In order to check that the background actually had very little 

effect} caiculationswere made considering the baGkground to have ori-

. gina ted before the gas cell for one case and after the gas cell for 
, 

another.. These calculations were made at two different energies for 

'which the background was relatively high. The two cases bracketed the 
" , 

" '>uncorrected result and differed from it by less than 5% in 0'20) less 

", J.", 

than 1% in 0'21. 

Theeffect of metastable states in He on the cross section 0'01 has 

been discussed by Wittkower et al. 29 In prder to see how an incorrect 

value for this cross section would affect the linearizing corrections) 
. ~. . 

, "calculations for the worst p,0ssible case (a combination of high pres-

, sure in the gas cell and large 0'01) were made by usirig a value twice 

as great for 0'01' This appeared to affect the results by' at most 9% 

~.; , ~ 
", '., ... 

, . 
l::' -', 

.. , . ~ 

',. ..". -. 
",<.' ... or 

for 0'20) and proportionately less for 0'21 (1.5%), 

3.' Final Estimates 

The possible error in data reduction is discussed in the appendix. 

The uncertainty associated with the electronics is about 3%. The 

greatest random error is associated with the neutral measurement} as. 

< ••. ", 
.. :~~~~ .~' i'·", 

previously discussed. This error is about 15% for each data point 
,"'. " '. -.;~~-' ~O-~. ,-(". * . 

(t~n or more data points per cross-section result given in Table I). 
.. .r::l, . , ~,'., _ . 'l , 

This analysis gives a smaller uncertainty than seems apparent in the 

'-,' ,1 ! ' 

.;', 
. ...:. ," 

'.-



Fig. 

21 

0.35 ,..----r----r----r------:r-r---.....,------, 

0.30 

0.20 

0.10 

O~----~----~----~----~----~----~ 
o 0.4 0.8 1.2 

Pressure in gas cell (m torr) 

XBL679-3818 

3· Plots of ~cr21 and ~cr20 at 42 keY calculated from the data 
in Fig. 2, using Eqs. (4a) and (4b), Sec. III C. The points 
shown above 1 mtorr were not used in the least-square fit to 
determine the slope. Note that for this example, the slope of 
~cr20 is the same a~ that of FO in Fig. 2, whereas the slope of 
~cr2l is greater than that of Fl in Fig. 2. 
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data (Fig. 4)Jhe~~~it would seem prudent to assign about 10% error 

to the 0'21 cross section and about 20% to the 0'20 c·ross section. The 

source of this error is not known· The most significant systematic 

error is probably associated with the pressure measurements) which 

'should probably not be relied upon more than to 7 or 8%. The esti-

mated error ,in the energy is about 5%. 
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IV. 'RESULTS AND DISCUSSION 

A. Results of This Experiment 

The results are shown in Table I and Fig. 4. Both cross sections 

show a maximum at about 50 keV 3He energy. The single-capture cross 

( ) 
-16 2 section cr2l has a maximum of about 13 x 10 cm and falls of fair-

ly rapidly at higher and lower energies. The low-energy behavior of 

the double-capture cross section (cr20) is somewhat indeterminate, but 

could be construed as starting to level off. At higher energies it 

-16 2 rises slowly to a maximum of about 3.3 x 10 cm and then falls off 

at about the same rate as the single-capture cross section. 

B. Comparison With Other He++ Experiments 

, 4 12 Plotted with the results in Fig. are those of Pivovar et al., 

Allison,9 Nikolaev et al.,lland Rutherford. l These results agree 

well in the overlapping region and appear to blend smoothly into the 

present results • 

. The re suIt s of Alli son (solid line marked \ A) were deduced from 

equilibrium fractions and relative attenuations of the various species 

as gas was introduced into a region containing a magnetic field that 

was also used to analyze the equilibrium fractions. His measurements 

were done in air, which should yield very nearly the same results as 

pure nitrogen. The effect of metastables on his results should be 

negligible, since all the cross sections involved were deduced from 

the same set of data. The result of Rutherford (~) is also for air. 

Pivovar et al. (SOlid line p) used a method similar to ours in 

several gases. The .results for N2 are shown for comparison. Nikolaev et 

al. .. (O ? fIll!) counted particles in a method also similar to ours for 
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., , .. Table I. Measured values and uncertainties for ct2l and ct20~ '::-' .... , 
: .... :. 

.. 
.... . ~ ~ ( ~ ... 

...... 

,. :: 

Actual Energy ct2l : ., ct20 .; , ctlO ctOl . Ion 
per nucleon : ... energy 

(10C16 ~2)" (10-16 cm2y (10-16 cm2) . (10":16 cm2)-(keV)' (keV/A) ". 

,:.-.;' ",' .. 
' '. 

,4He ++', '-... ,-, ... 4.07 .±. 12%',;', <.4~0·' .. :, 7·2 -1.8 4.1 0.14 
.- , , 

7·7 2.57 . , 5. 55'± 10% 
.-

, 2~6l ± 20% . ~ .. 5·1 0~24 3H~++' 

15·3 .5.1 9.19 ±10% . 2.61 ± 20% 6.5 0.64 3He-H-

24.2 8.07 11.6 ± l~% ,2.98 ± 20% ,6.7 .1.15 3He++ 

42.0 14.0 13. 6 ±:'~ 10% 3.75 ± 20% 6.2 2.05 3He++ 

63.6 21.2 12.21 ± 10% 3.10± 20%.' 5·2 2·9 
3 ++ He , 

117 39·2 10·9 ±lo% 2.l4± 20% 3.4 3.3 3He++ 

'166 55.3 8·3 ± 10% 1.39 ± 20% 2·3 5·0 3++ He . 

The values for ct
20 

measured with 7.2 keV 4He++ ions is only an upper limit due to an unknown 

amount of contamination from hydrog~n isotopes; the value for.ct21 was not greatly affected b~ the 

28 contamination. The values for ct10 and ct01 are from the work of ~rnett and Stier) and are 

estimated to be accurate to ±lo%. The uncertainty in all energies is ±5%. 
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Fig. 4. Results, of crol?s-sect.ion measurements for capture of one 

(0'21) and two (0'20) electrons by helium nuclei in N2 • 'A, ~, 

o th~s :Paper; • Rutherford for air (Ref. 1); 0 Nikolaev et 

ale (Ref. llb); ~ Nikolaev et ala (Ref. lla); the line 

marked A presents the results of Allison for air (Ref. 9); 

the line marked P, Pivovar etal. (Ref. 12). , 
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many multiply charged ' ions .. · 'His results for He ++" in N2 are shown. 

:c. Comparison With Theory 

." . 

Figure '5 shows the results of evaluating the theories of Brinkman 
'-.:,:" . 5·' -. 21 . 

. _ and Kramers, . and an 'extension by Bates and Dalgarno. Also shown is 

,',: .. ,. . the plot of a curve based on the classical formula of Bates and 

'. 16' 18 
. "Mapleton, which was evaluated for us by Mapleton. . The experimental 

(: 
. ",.,; "'~'" ',,'" ...... ,," . 

points are shown for comparison • 
" 

."1 

:.J, 

, :. 

". ~ 

.- .... " 
,'.~ ". ',-,' 

, ..... 
!. " 

,"-
. I.· 

~ 

-. ". ,-:-'-' 

. .~ - .' ,r .~.<:- ... ,;: 

The Bates and Mapleton cross section includes capture from all 

states, whereas those of 'Brinkman and Kramers and Bates and Dalgarno 

-are'"only for capture from the 2s and 21' states respectively. 

All the theoretical results were based on atomic nitrogen and 

then doubled for comparison with the experiment. 

Brinkman and Kramers suggested that for capture from nitrogen 

.' , the effec:tive Z should be 2 or 2.4 .. : However, Slater30 has suggested 

a prescription that would give an effective value of 3.9 for Zin this 

case. Cvrves basedonzeff '= 2.4 and 3.9 are shown for comparison. 

" Also these values are used in' the '"evaluations for 2p e'le-ctron capture 

based on the Brinkman and Kramers type of capture of 2p electrons, 

21 wh,ich was presented by, Bates and Dalgarno. Note that the low-

,energy predictions of the Brinkman and Kramers formulations are very 

'strongly dependent on, the choice for Z eff • 
. ' ," 

D. Suggestions f~r Future Experiments 
.,,'~~'~ .';f'\:~~~:·: .. :~;~,t..; '''li':"'~ ~.,".,:; .. :,~ 

. A look at the results shows the possibility of interesting struc-

. , 

. ,-. 

t-..• .J; I 

.: .... , 

,. ,:' 

,.' ,f' :'. 

ture in 020 at the lower energies. Because of the uncertainties one 

cannot determine the low-energy trend. It would be interesting to 

.~ : repeat the last point or two and then to extend the measurements to 
' .. ~ 

tJ 
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~",. 
,.--

-17 / 10 ~~~~--~~~~~~~~~~~ 
10 100 1000 

4 ++ He energ y ( keV ) 

XBL676-4107- C 

Fig~ 5· Comparison of theory and experiment for 0'21 in N2• The solid 

line summarizes the various experimental results shown in Fig. 4, 
and the points are the results of this paper. The theoretical 

predictions are: - -- the Bates and Mapleton classical model 

(Ref. 12); --- the Brinkman-Kramers model for capture of the 2s 

electrons of nitrogen into the Is state of He+" (Ref. 5); and 

- • - the Brinkman-Kramers model for capture of 21' electrons into 

the Is state of He+ (Ref. 21). The Brinkman-Kramers curves are 

labeled with the values of Zeff used in the calculation. 
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' .... 

lower' energie s; ]ecaus~ of the many combinations' of initial and final 

states) the adiabatic hypothesis would predict many minor peaks and 

" perhaps some other major one at or near an accidental resonance . 
.. -) 

'. ~ .. other gases, would also be interesting) particularly He) since it 

r"', 

would represent a resonant case for double capture., Further measure-
, ',', 

ments need to be made also to determine the relative metastable popu-
;," 

,. lat'ions ·for various cases and their relative' cross sections. 

Finally, other multiple capture cross sections might be considered 
'. 

'for ,different ions of the same ,or greater charge. Particula:rly) other 
, 
resonant and near-resonant cases might be interesting. 
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- . APPENDIX . 

.'." .~. We will .now~stimate the. errors associated .with using only up to 
'. ~. ,- . 

'. -: 

"':.'". ... : . 

> . 
", .. ~ 

. : .. ~ " 

.. the second-order term .to derive Eqs. (4a and b). Let cr .. 

-,: 

then the exact expression for F2 is (still neglecting cr12 and cr
02

) 

(A-l) 

and the approximation error in FO + Fl (expressed' as a fraction), for 

the approximations (4a a.nd b) is' 

., .. ,"" 

.'; "",c 2' 
. (7Tcr) '';. ' 

't.' 

. . .".' ~ 

•... E J =.----..,.. , .. : .: ..... > .. ,., 

'.'~ .. " , 

'\>Let7tcr';" 0;5, say (equivalent to a beam attenu.ation>39%), 

. '" . 

€J:< 0~25= 0.5 = 0.056. 
4.5 9 

" . 

(A-2) 

(A-3) 

If we now approximate the error associated with substituting F. 
~ 

..... ,;" ' •.. ,<\~"."') 

.. for7Tcr
21 

we first note, for the same attenuation, 

.? ..... 

~: ,""', ' 
': ,': 

, . ~ '.';' 

.. ·.'t.' . . . ~' ... : 

:.1 . -!w. " " .. '>. ';If we substitute Fl .+ FO for a(']Tcr) in the sq,uared term--i.e., let 

".;" ':.'(7Tcr)2 = (F
l 

+ FO)7Tcr--we get, for our actual error, 
.. ~ : ~ .' 
-• .t 

" .•.. '.'.0. 
".,,' 

-- ,. .... : .. 
. (..,~, ,-

~:. .. 
•. ': . ',--1 " 

,,' ....... ' 
' ... ~ 

.; . 

-i 
.-.. : ?1" ~~ • , i,. , . 

,'( .' 'f 

, 
I, 

: . 
'. E" = 0·39 <~ 

. 0·39 0·'39 
, 

(A-4) 

.', " 
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Thus, except for the terms invo1ving 0'10 and 0'01' 'We expect an approxi­

mation error not greater than 2.tf/o for attenuations less than about 40%-

We wiJ.l now estimate the error associated with linearizing the 

6 -16 2 
terms involving 0'10 and O'm: 0'01 reaches a maxinru:m of .1 x 10 em. 

-15 2 -16 2 at the point where 0'21 = 1.1 x 10 em. and 0'20 = }o1 x 10 em.. 

Thus for 71"0' = 0.50, 71"0'21 = 0.33 and 71"0'10 = 0.25· 

If 'We assume that 71"0'10 is the first term in the expansion 

then the maximum error associated with 71"0'10 is 

S1m1J.ar analYsis for 0'01 shows a smaJ.ler error for the same conditions 

(i.e., 71"0' = 0.50). Since 0'01 and 0'10 always 'Work to oppose each 

other, the greatest possible approximation error then is 

(A-5) 
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A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
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mation, apparatus, method, or process disclosed in 
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